Introduction {#s001}
============

It has been estimated that synthetic cannabinoids (SCs) are 30 times more likely than cannabis to result in the need for emergency medical treatment.^[@B1]^ Increased use of SCs, sold under brand names such as Spice and K2, and their apparent toxicity^[@B2]^ has led to an urgent need for *in vivo* toxicological studies.

There are several chemical classes of cannabinoid receptor agonists. The phytocannabinoids from *Cannabis sativa*^[@B3]^ include Δ^[@B9]^-tetrahydrocannabinol (THC) and related compounds such as cannabidiol (CBD). Although THC is an agonist for the cannabinoid CB~1~ receptor, CBD appears to be a negative allosteric modulator of this receptor.^[@B4],[@B5]^ Synthetic CB~1~ agonists belong to different chemical classes, and include close analogs of THC such as HU-210, and more distantly related classes such as alkyl phenols (e.g., CP55940) and aminoalkylindoles (e.g., JWH-073).

The endogenous cannabinoids termed "endocannabinoids" are the arachidonic acid derivatives, arachidonoyl ethanolamide (AEA or anandamide), and 2-arachidonoyl glycerol (2-AG).^[@B6]^ Methanandamide (mAEA), a semisynthetic metabolism-resistant methyl analog of anandamide, has similar pharmacology to anandamide.^[@B7]^

In animals, activation of CB~1~ produces hypothermia, antinociception, decreased spontaneous activity, and catalepsy.^[@B8]^ In humans, cannabinoid effects on the psyche and perception include fatigue, euphoria, anxiety or anxiolysis, increased appetite, decreased nausea, amnesia, depersonalization, and hallucinations.^[@B9]^ Cannabinoid somatic effects include tachycardia, analgesia, xerostomia, conjunctivitis, decreased intraocular pressure, and unsteady gait.^[@B9]^ Recreational use of SCs is reported to cause seizures,^[@B10]^ an acute toxic symptom seen with increasing prevalence in hospital emergency rooms.^[@B2],[@B11]^

Two recent studies showed that THC and the aminoalkylindoles, JWH-018 and AM-2201, produced seizures in mice. The first showed that seizures, recorded visually and by electroencephalogram (EEG), were induced by THC or JWH-018 and prevented by the CB~1~-selective antagonist, AM-251.^[@B14]^ The second study found that AM-2201 produced seizures, which were prevented by AM-251 or a metabotropic glutamate receptor antagonist, but not CB~2~ or vanilloid receptor antagonists.^[@B15]^ These studies concluded that cannabinoid-induced seizures are mediated by CB~1~, and antagonists such as AM-251 are potential treatments for acute cannabinoid toxicity.

This study extends the findings of previous studies to include additional agonists. It began by comparing JWH-073 and AM-2201 with THC. JWH-073 and AM-2201 are among the SCs found in products sold to the public and in patients admitted to the emergency room.^[@B16]^ This study then examined the seizure-inducing activity of these and additional cannabinoids representing a range of chemical classes ([Fig. 1](#f1){ref-type="fig"}), and exhibiting a range of affinities and efficacies for activating G-proteins through CB~1~.^[@B17],[@B18]^ It also confirmed the roles of cannabinoid CB~1~ receptors in mediating seizure activity.

![Structures of the cannabinoids used in this study. THC and CBD are phytocannabinoids. HU-210 is a synthetic dimethylheptyl and hydroxylated analog of THC. CP55940 belongs to the alkyl phenol class, and JWH-073, PB-22, and AM-2201 belong to the aminoalkylindole class of synthetic cannabinoids. Methanandamide is a semisynthetic metabolism-resistant analog of the endocannabinoid anandamide. CBD, cannabidiol; mAEA, methanandamide; THC, Δ^[@B9]^-tetrahydrocannabinol.](can.2019.0003_figure1){#f1}

As the use of cannabis has not been associated with seizures (and may even decrease the risk of seizures)^[@B10]^ in humans or tissue damage in humans or animals, it was hypothesized that, compared with THC, SCs would cause greater or more rapid levels of tolerance, dependence, tissue damage, hypothermia, and seizures.

Materials and Methods {#s002}
=====================

Materials {#s003}
---------

THC as dronabinol was obtained from Mutual Drug Company, and other cannabinoids were purchased from Cayman Chemical Company. Male C57BL/6 mice (Charles River Laboratories) were housed 2 per cage at 21°C and 50%±20% humidity on a 12 h light/dark cycle. Food and water were provided *ad libitum*. All experiments were conducted on mice between 5 and 13 weeks in age and in accordance with protocols approved by the Campbell University Institutional Animal Care and Use Committee. Drugs were prepared as emulsions in vehicle (5:1:44 of sesame oil: Tween-80: deionized water) and were administered through intraperitoneal (IP) injection at 0.005--0.01 mL/g.

Cumulative dose--response {#s004}
-------------------------

Antinociception was assessed by latency to tail withdrawal from a water bath at 53°C using a 30 sec cutoff, and body temperature assessed from ∼2 cm from each animal\'s ventral thorax by a VeraTemp model 11--900 noncontact infrared thermometer (Brooklands Incorporated) as previously described.^[@B19]^ Previous studies have shown maximum effects in C57BL/6 mice in these assays of JWH-073^17^ and AM-2201 (unpublished observations) are at 30--60 min, and of THC^[@B17]^ are at 60--180 min, thus each measure was taken before the first injection and then at 30 min (JWH-073, AM-2201, or vehicle) or 60 min (THC) after each injection. Mice were given the next injection for cumulative doses of 3, 7.5, 15, 30, and 60 mg/kg JWH-073; 0.5, 1, 2, and 4 mg/kg AM-2201; or 12.5, 25, 50, and 100 mg/kg THC immediately after each measurement of the effect of the previous dose.

Assessment of tolerance, dependence, and pathology {#s005}
--------------------------------------------------

Mice were administered vehicle, 50 mg/kg THC, 30 mg/kg JWH-073, or 1 mg/kg AM-2201 daily for 4 days at ∼9 am, and latency to tail withdrawal and body temperature were measured before the first and 60 min after each injection. On day 5, ∼24 h after the previous injection, each mouse was observed for 10 min before and 10--30 min after IP injection of 10 mg/kg SR141716A. The number of times each animal exhibited the following behaviors was counted: rear, scratch, groom, forepaw tremor, retropulsion, and head shake.

Within 1 h of the end of the aforementioned experiment, mice were euthanized and necropsied. Heart, lungs, thymus, liver, kidneys, spleen, brain, and skeletal muscle (right gastrocnemius) were collected and stored in 10% neutral buffered formalin. Postfixation, tissues were placed into cassettes (Simport). For the heart, a longitudinal section through both ventricles from base to apex created two halves and permitted visualization of ventricles and atria. For the brain, four coronal sections, anterior to posterior, were submitted. Routine histological processing was performed by the Histology Laboratory of the College of Veterinary Medicine at North Carolina State University. Slides with 5 μm-thick hematoxylin and eosin stained sections of the organs collected were evaluated by light microscopy (*n*=4--9) using a Nikon Eclipse Ci microscope.

Quantification of convulsions and hypothermia with antagonist blockade {#s006}
----------------------------------------------------------------------

Separate groups of mice were administered 25, 50, or 100 mg/kg THC; 65 mg/kg CBD; 1, 2, or 4 mg/kg HU-210; 2, 4, or 8 mg/kg CP55940; 15, 30, or 60 mg/kg JWH-073; 2, 4, or 8 mg/kg AM-2201; 1, 2, or 4 mg/kg PB-22; or 200 mg/kg mAEA (*n*=4--7). Dose ranges were based on previous rodent studies.^[@B17],[@B18],[@B20]^ Mice were weighed, and their temperature recorded as earlier before injection and placement into a spontaneous activity chamber. A video camera above the chamber recorded activity for 3 h. At 45 and 180 min after injection, body temperature was measured again.

The 3-h recordings were subsequently analyzed and the time and severity of each convulsion based on the Racine scale^[@B21]^ was noted by two separate observers on separate occasions. Only large clearly involuntary jerking (Racine scale 2) or stretching (Racine scale 3) movements were counted. Minor seizures (Racine scale 0--1) are not visually detectable, and all drugs that produced convulsions produced convulsions that were ranked 2 and 3; thus, the analysis was simplified to quantify total convulsions. The doses used in the subsequent experiment were the lowest that produced the maximum number of convulsions with each drug. The greatest change in temperature (at either 45 or 180 min after injection) is reported.

CB~1~ antagonist SR141716A or CB~2~ antagonist SR144528 at 10 mg/kg were administered IP at 0.005 mL/g 30 min before injection with CP55940 (4 mg/kg), THC (50 mg/kg), JWH-073 (30 mg/kg), or PB-22 (2 mg/kg) at 0.005 mL/g. Activity was recorded beginning at the time of antagonist injections and for 3 h after agonist injection. Body temperature was recorded before antagonist injection and 45 and 180 min after agonist injection.

Data analysis {#s007}
-------------

Change in temperature was determined as postdrug temperature minus predrug temperature, and antinociception data were analyzed as % maximum possible effect (%MPE)=(postdrug latency minus predrug latency)/(30 sec minus predrug latency)×100%. *E*~max~, logED~50~, and ED~50~ values were determined by nonlinear fitting.

Differences between %MPE and change in body temperature after daily treatments and differences between withdrawal signs were determined by two-way ANOVA (time versus treatment or sign versus treatment, respectively) followed by Tukey\'s multiple comparisons test. Differences between drugs in the number of convulsions and change in temperature were determined by one-way ANOVA followed by Tukey\'s multiple comparison test. Differences between each drug and drug+antagonist in the number of convulsions and change in temperature were determined by two-way ANOVA followed by Tukey\'s multiple comparison test. All analyses were performed using Prism (GraphPad Software) with statistical significance set at *p*\<0.05.

Results {#s008}
=======

Cumulative dose--response {#s009}
-------------------------

[Figure 2](#f2){ref-type="fig"} illustrates the average %MPE for latency to tail withdrawal and change in body temperature in mice after 12.5--100 mg/kg THC, 3--30 mg/kg JWH-073, and 0.5--4 mg/kg AM-2201. For %MPE with THC, JWH-073, and AM-2201, the ED~50~ values were 25.6, 9.40, and 0.366 mg/kg, respectively (*E*~max~ was set to 100%). For change in temperature by THC, JWH-073, and AM-2201 the ED~50~ values were 11.2, 16.5, and 0.745 mg/kg, and the *E*~max~ values were −4.0°C, −7.1°C, and −8.1°C, respectively. For subsequent experiments, 30 mg/kg THC, 50 mg/kg JWH-073, and 1 mg/kg AM-2201 were chosen because they produced roughly equivalent effects, although the SCs produced slightly greater effects than THC on antinociception and change in body temperature.

![Dose--response curves showing antinociceptive (top) and hypothermic (bottom) effects produced by THC (*n*=8), JWH-073 (*n*=10), and AM-2201 (*n*=8) in male C57BL/6 mice. Data shown were calculated as described in methods and are the mean±SEM of each parameter for each treatment group. Data were fit by nonlinear regression analysis using Prism with %MPE and change in temperature bottom set to 0 and %MPE top (*E*~max~) set to 100%. %MPE, % maximum possible effect.](can.2019.0003_figure2){#f2}

Assessment of tolerance, dependence, and pathology {#s010}
--------------------------------------------------

Daily treatments with vehicle, THC, JWH-073, or AM-2201 for 4 days resulted in rapid tolerance to the antinociceptive and hypothermic activities of all three agonists ([Fig. 3](#f3){ref-type="fig"}). Each effect of all three agonists was significantly different from vehicle on day 1 ([Fig. 3](#f3){ref-type="fig"}). On day 2, the antinociceptive effect of AM-2201 was decreased to about 60% of the effect on day 1, and was the only effect of any agonist significantly different from vehicle (Tukey\'s test, *p*\<0.01).

![Effects of four daily injections of 50 mg/kg THC (*n*=8), 30 mg/kg JWH-073 (*n*=8), 1 mg/kg AM-2201 (*n*=9), or vehicle (*n*=6) on antinociceptive (top) and hypothermic (bottom) effects in male C57BL/6 mice. Data shown are the mean±SEM of each parameter for each treatment group. Data were analyzed by two-way ANOVA followed by Tukey\'s multiple comparisons test. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001, \*\*\*\**p*\<0.0001 versus vehicle; ^+^*p*\<0.05, ^+++^*p*\<0.001 versus THC; ^\$^*p*\<0.05, ^\$\$^*p*\<0.01 versus JWH-073.](can.2019.0003_figure3){#f3}

On day 5, mice were observed before and after injection of 10 mg/kg of SR141716A for signs of spontaneous and precipitated withdrawal, respectively ([Fig. 4](#f4){ref-type="fig"}), using a modification of previously used methods.^[@B22],[@B23]^ The only significant differences observed before treatment with SR141716A were in the number of times the mice reared (two-way ANOVA, treatment vs. sign, *p*\<0.0001, [Fig. 4](#f4){ref-type="fig"}, top panel). Mice treated with THC showed significantly less, and mice treated with AM-2201 showed significantly more rearing than mice treated with vehicle (Tukey\'s test, *p*\<0.0001 each). Mice treated with JWH-073 reared more than mice treated with THC, and mice treated with AM-2201 reared significantly more than mice treated with either THC or JWH-073 (Tukey\'s test, *p*\<0.0001, [Fig. 4](#f4){ref-type="fig"}, top panel).

![Spontaneous and antagonist-precipitated withdrawal behaviors of mice on day 5 after four daily injections of cannabinoid agonists. Male C57BL/6 mice were injected with 50 mg/kg THC (*n*=8), 30 mg/kg JWH-073 (*n*=8), 1 mg/kg AM-2201 (*n*=9), or vehicle (*n*=6) on days 1--4 ([Fig. 3](#f3){ref-type="fig"}), then on day 5 were injected with 10 mg/kg of the CB~1~-selective antagonist, SR141716A. Behaviors were observed and each event noted. Data shown are the mean±SEM number of events observed for each treatment group during the 10 min before (spontaneous withdrawal) and 10--30 min after (antagonist-precipitated withdrawal) injection of 10 mg/kg SR141716A. Data were analyzed by two-way ANOVA followed by Tukey\'s multiple comparisons test. \*\*\*\**p*\<0.0001 versus vehicle; ^++^*p*\<0.01, ^++++^*p*\<0.0001 versus THC; ^\$\$\$\$^*p*\<0.0001 versus JWH-073.](can.2019.0003_figure4){#f4}

Behaviors that appeared only after administration of antagonist and only in mice treated with agonists on days 1--4 included forepaw tremor, retropulsion, and headshakes ([Fig. 4](#f4){ref-type="fig"}, bottom panel), and thus are the only behaviors considered signs of withdrawal from agonist. There were no statistically significant differences between any treatments in those antagonist-precipitated withdrawal signs. After treatment with SR141716A, mice treated with AM-2201 did significantly more rearing than vehicle-, THC-, or JWH-073-treated mice. There were no significant differences between agonist treatment groups in scratching or grooming, but mice treated with any of the three agonists performed fewer of these behaviors than mice treated with vehicle ([Fig. 4](#f4){ref-type="fig"}, bottom panel).

Necropsy and histopathology of these mice revealed no definitive drug-induced lesions. A consistent finding in all groups was mild to moderate inflammation in the peritoneal fat ([Fig. 5](#f5){ref-type="fig"}) attached to the abdominal organs examined. The inflammatory infiltrate was composed of lymphocytes, plasma cells, and macrophages and often the mesothelial lining was plump (reactive mesothelial cells), consistent with chronic irritation and inflammation.

![Photomicrograph of a vehicle-treated mouse showing mild to moderate chronic peritonitis characterized by the presence of lymphocytes, plasma cells, and macrophages within peritoneal fat. All animals receiving daily IP injections for 5 days (*n*=4--9/treatment) exhibited the same finding regardless of treatment with drug or vehicle. Hematoxylin and eosin stain, 400× magnification, scale bar=10 μm. IP, intraperitoneal.](can.2019.0003_figure5){#f5}

Quantification of convulsions and hypothermia with antagonist blockade {#s011}
----------------------------------------------------------------------

To assess seizure activity, mice were observed after a single injection of one of a number of cannabinoids ([Fig. 6](#f6){ref-type="fig"}, top panel). Change in temperature was measured as a control ([Fig. 6](#f6){ref-type="fig"}, bottom panel). Every agonist, except mAEA and CBD, produced visually observable convulsions. Most occurred between 2 and 20 min after drug administration, with occasional events occurring up to ∼60 min. There were no differences in the number of convulsions or hypothermia between the highest two doses. The only significant difference in convulsions between any of the three doses was between 1 and 2 mg/kg PB-22. There were significant differences in hypothermia between the lowest and middle and/or highest doses for THC, CP55940, and PB-22. The highest doses did not cause more convulsions or hypothermia than the second highest, indicating the maximum effect of each agonist had been identified.

![Convulsions and change in temperature caused by each cannabinoid at three doses of most. Mice were injected with 0.01 mL/g IP of each compound at the indicated dose. Activity was video-recorded and subsequently scored for the time of each convulsion as indicated by a jerk, series of jerks, and/or tonic extension of the fore and/or hindlimbs. Body temperature was measured before the injection and at 45 and 180 min after the injection and the greatest change in temperature is shown. Data shown are mean±SEM (*n*=4--7). Data were analyzed one drug at a time by one-way ANOVA (at *p*\<0.05) followed by Tukey\'s post-test for differences between the effects of each dose. \**p*\<0.05, \*\**p*\<0.01, \*\*\*\**p*\<0.0001 versus lowest dose of same drug. ND, not determined.](can.2019.0003_figure6){#f6}

Further statistical analysis comparing agonists was performed on the dose of each drug that produced the maximum number of convulsions (if any) and the temperature change observed with the same treatments ([Fig. 7](#f7){ref-type="fig"}). JWH-073 and AM-2201 produced significantly more convulsions than THC, HU-210, mAEA, or CBD. The number of convulsions produced by CP55940 and PB-22 were not different than the other drugs.

![Convulsions at the dose of each drug that caused the greatest number of seizures and change in temperature at the same dose. Data (shown as mean±SEM) for a single dose of each drug shown in [Figure 6](#f6){ref-type="fig"} were subjected to statistical testing for differences between drugs. Columns marked with the same letter were not significantly different by one-way ANOVA followed by Tukey\'s post-test at *p*\<0.05.](can.2019.0003_figure7){#f7}

The changes in temperature ([Fig. 7](#f7){ref-type="fig"}, bottom panel) with HU-210, CP55940, JWH-073, and mAEA were significantly greater than with THC or CBD. The effects of AM-2201 and PB-22 were not significantly different from THC (only a trend toward significance with *p*-values of 0.101 and 0.058), but were significantly greater than CBD. There was not a significant correlation between the number of convulsions and change in temperature across drugs (Pearson *r*=0.2504, *p*=0.5881).

Representative agonists (THC, CP55940, JWH-073, and PB-22) were assessed for whether pretreatment with CB~1~ antagonist (SR141716A) or CB~2~ antagonist (SR144528) affected the number of convulsions or change in temperature ([Fig. 8](#f8){ref-type="fig"}). No convulsions were seen with any agonist after pretreatment with SR141716A, and there were statistically significant differences in convulsions with CP55940, JWH-073, and PB-22, although not with THC. SR144528 did not significantly alter the number of convulsions. Change in temperature was significantly lower after SR141716A for all agonists. The only statistically significant difference in change in temperature after SR144528 was with JWH-073 (*p*\<0.001). Although most convulsions induced by agonists occurred in the first 20 min, no convulsions were observed during the 30 min after SR141716A or SR144528 (*n*=10 for each antagonist) injection before agonist injection.

![Effects of CB~1~-selective (SR141716A) and CB~2~-selective (SR144528) antagonist pretreatments on convulsions at the drug dose that caused the greatest number of seizures and change in temperature of four representative cannabinoids. Antagonists were administered at 10 mg/kg IP at 0.005 mL/g 30 min before the administration of each agonist at 0.005 mL/g IP. Seizure activity and body temperature were measured as earlier for [Figure 6](#f6){ref-type="fig"}. Data (shown as mean±SEM) were analyzed by two-way ANOVA (agonist vs. antagonist treatment) followed by Tukey\'s post-test at *p*\<0.05. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001 versus agonist alone; ^+^*p*\<0.05, ^+++^*p*\<0.001 versus agonist+SR141617A.](can.2019.0003_figure8){#f8}

Discussion {#s012}
==========

Several reports have shown the potential of SC use to induce seizures in humans,^[@B10]^ with some effects replicated in mice.^[@B14],[@B15]^ We hypothesized that SCs produce more adverse effects than THC, the principal psychoactive constituent of cannabis, in a mouse model.

Among the significant findings of this study is that most of the SCs tested produced more seizures and hypothermia than THC. Notably, HU-210 and mAEA both produced hypothermia approximately twofold greater than THC, but the number of seizures induced was similar to THC (HU-210) or produced no seizures (mAEA). Since both produced significant hypothermia, it is unlikely that mAEA and HU-210 failed to produce many seizures due to lack of central nervous system penetration.

In agreement with previous studies,^[@B14],[@B15]^ antagonist pretreatments indicated that seizure activity was mediated by CB~1~, and not CB~2~ receptors. Accordingly, all CB~1~ agonists tested, except mAEA, produced convulsions. JWH-073 and AM-2201 were more potent for antinociception and hypothermia than THC probably owing to their higher affinity for CB~1~ receptors.^[@B24]^ Most SCs were more efficacious than THC for hypothermia and seizures, likely because they are full agonists, while THC is a partial agonist, for CB~1.~^[@B25]^ However, using comparable doses of THC, JWH-073, and AM-2201, the development of tolerance was similar.

Lack of confirmatory EEG data was a significant limitation of this study. Recently, Malyshevskaya et al. reported that in addition to a significant decrease in locomotor and electromyographic activity, electrographic seizures (assessed as EEG seizure spikes) were evident in mice treated with THC or JWH-018.^[@B14]^ Based on those observations we conclude that the convulsions we observed represent seizures. Malyshevskaya et al. also found that JWH-018 produced greater numbers of and more severe seizures than THC.^[@B14]^ This is in agreement with our data that SCs produce more seizures than THC.

Similar to what has been reported previously for cannabinoid withdrawal,^[@B22],[@B28]^ some behaviors were observed only in mice treated with agonists and then antagonist: forepaw tremor, retropulsion, and head shakes. These antagonist-precipitated withdrawal signs are attributed to dependence on the daily agonist treatments. In this study, none of these signs differed significantly between agonists. Also as reported previously,^[@B22],[@B28]^ SR141716A treatment itself (in mice treated previously with vehicle) decreased rearing and increased scratching and grooming, and prior agonist treatments resulted in less scratching and grooming.

The only difference between mice treated with agonists was that mice treated with AM-2201 exhibited more rearing than THC or JWH-073 in both the preantagonist (spontaneous withdrawal) and the postantagonist (precipitated withdrawal) phases. Since rearing is a normal mouse behavior, it is unclear what this signifies, but may indicate a difference between the effect of AM-2201 versus THC or JWH-073. Alternatively, the difference might be that a greater effective dose of AM-2201 was used. Although care was taken to use equally effective doses, on day 1 of the 4-day treatment, the effects of AM-2201 were greater than the effects of THC and/or JWH-073.

The lack of pathological changes from cannabinoids is consistent with other studies in which animals had minimal to no pathology or the pathological changes were associated with factors such as route of administration.^[@B29]^ The chronic peritonitis observed in this study was attributed to the multiple IP injections.

One possible explanation for the discrepancy between inducing hypothermia and seizures is that different signal transduction proteins may mediate each effect. Biased agonism at G-protein coupled receptors is a well-established phenomenon where different agonists at the same receptor activate different signaling pathways by activating G-proteins rather than beta-arrestins or vice versa or even different subtypes of G-proteins or beta-arrestins. Since THC, HU-210, and mAEA are all known to activate G-proteins, perhaps they exhibit biased agonism toward G-proteins, whereas the other agonists are also efficacious at activating beta-arrestins.

Conclusions {#s013}
===========

Although most measured effects of SCs were not different from THC, most SCs exhibited greater capacity than THC to induce hypothermia and seizures. The trend appears to apply to SCs with chemical structures disparate from that of THC. This conclusion appears to be in agreement with the frequent clinical reports of seizures in humans after exposure to SC products.^[@B10]^ A finding worthy of further study was that mAEA produced more hypothermia than THC, but no seizures.

The authors thank Christina Stalder for technical assistance, Dr. Brianne Raccor for [Figure 1](#f1){ref-type="fig"} and medicinal chemistry expertise, and Dr. Victor Pulgar for assistance with the writing of the article.

Author Disclosure Statement {#s014}
===========================

No competing financial interests exist.

Funding Information {#s015}
===================

Funding was provided by Campbell University.

 {#s016}

**Cite this article as:** Breivogel CS, Wells JR, Jonas A, Mistry AH, Gravley ML, Patel RM, Whithorn BE, Brenseke BM (2020) Comparison of the neurotoxic and seizure-inducing effects of synthetic and endogenous cannabinoids with Δ^9^-tetrahydrocannabinol, *Cannabis and Cannabinoid Research* 5:1, 32--41, DOI: 10.1089/can.2019.0003.

%MPE

:   \% maximum possible effect

CBD

:   cannabidiol

EEG

:   electroencephalograph

IP

:   intraperitoneal

mAEA

:   methanandamide

SC

:   synthetic cannabinoid

THC

:   Δ^[@B9]^-tetrahydrocannabinol
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